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I 
The  determination  of the  flicker  reponse  contour  for amphibians  is  of 
interest for several reasons.  In typical frogs the proportion of retinal rods 
to cones is fairly high, though not so large as in some fishes or in man.  The 
presence of "double"  cones and  certain  other features of the  retina  point 
to  the possibility of complications in  the  data  of visual performance.  A 
good deal of information about the excitability of the frog's eye and visual 
system is already available.  In the newt Triturus I the curve of log critical 
intensity as a function of flash frequency has already been shown to possess 
some unusual aspects.  We have made observations with several kinds of 
frogs and toads; homogeneous data have been obtained with Rana pipiens, 
defining what may be taken to be the typical form of the F  -  log I  contour 
for these Anurans.  We have  not  been  successful in  observing  responses 
to flashing light suitable for analytical work with various tadpoles tested. 
The apparatus and the general procedure were the same as earlier described  2 
in accounts of studies with a  variety of other animals. 
With various fishes, Triturus, and man, all possessing both rods and cones, 
the F  -  log I  curve (band) shows a manifestly duplex constitution. 2,8  This 
is  also  found  for  Rana.  The  proportionate  contributions  of  "rod"  and 
"cone" elements to the composite curve, in relation to  the numbers of rods 
and of cones, give information  respecting certain  aspects of the duplexity 
theory. 
II 
Rana pipiens from Vermont, about one year old or more, were used in the spring and 
early summer.  These frogs had been collected during the previous summer and autumn 
and stored in cages in a pond.  They were kept in the laboratory  for about one week 
1  Data to be published elsewhere; cf. Proc. Nat. Acad. Sc.,  1938, 9.4, 125. 
2j. Gen. Physiol.,  1935-36, 19, 495; 1936-37, 20, 211, etc. 
sj. Gen. Physiol., 1936-37, 20, 411; 1937-38, 21, 17, 203, 313; 1938-39, 22, 463, 487. 
Proc. Nat. Acad. Sc.,  1938, 24,  125. 
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before the observations began.  From a lot of twenty-five, six frogs were selected on the 
basis of small size and reactivity.  These six were then kept individually in numbered 
jars on moist sphagnum, and fed at intervals with Tenebrio larvae.  For the observations 
each frog was put into a  small thin-glass crystallizing dish covered by a  watch-glass 
held on with adhesive tape.  These dishes fit inside the rotating striped cylinder in the 
apparatus.  Tests were made after a minimum of 0.5 hour dark adaptation in a thermo- 
stat at 21.5°C.  and with a  flash cycle in which light intervals and dark intervals were 
equally long. 
Data were secured at fixed flash frequencies (F) by increasing the intensity (I)  of 
illumination  until the threshold response was evidenced.  The converse test,  4 made by 
keeping I  constant and decreasing F from a high level until establishment of the relation 
between F  and I  critical for response to recognition of flicker,  results with these frogs 
in either a failure to show recognizable response or in an erratic response at a very much 
lower F  than tests of the reverse kind show to be appropriate.  This is undoubtedly an 
effect of exposure to light. 
With F fixed, increase of I from 0 or a very low level leads to a reaction which consists 
in a sudden straightening up of the body; this may or may not be accompanied by hop- 
ping in the direction of the moving stripes, or against this direction.  In most cases only 
one such movement is made.  Thereafter the frog remains in a state of tonic immobility. 
In some individuals there occurs at the threshold of response a moving of one or both 
front legs, and occasionally a jumping toward the moving stripes. 
When the individual  is in the state of tonic immobility  we have referred to, subsequent 
to a  threshold response, or following exposure to light in the apparatus, an attempt to 
repeat the reaction at threshold is fruitless.  Even when the frog is touched or pushed 
to a new position hardly any response can be induced.  Only a period of confinement to 
darkness or a decrease of F  to less than 5/see., even with the highest intensities of light, 
will bring the animal out of its non-reactive state.  Only in exceptional cases  are two 
or three successive responses obtainable without arousing the frog from immobility. 
There seemed to be no detectable diurnal cycle of responsiveness in these frogs; but 
with increasing duration of residence in darkness at any time of day the reactiveness to 
flicker is notably decreased.  This was the basis for the practice employed of not con- 
tinuing observations beyond 1  or 2  hours confinement in darkness.  The frogs  were 
then returned to the light. 
These difficulties of  observation led as a  practical matter to the restriction of  the 
experiment to the use of six individuals.  One of these was lost after eight sets of read- 
ings had been secured.  In Table I, therefore, the values of I,~ are for these eight sets 
based on eighteen observations each; for the other entries on fifteen; three readings were 
taken on each individual at each F.  Table I  contains three values of I~ based upon 
preliminary experiments; these  are  enclosed in parentheses,  and in Fig.  1  they  are 
distinguished by tags. 
A variable analysis  s of the individual measurements shows  that the six (five) frogs 
of this lot were essentially equivalent.  Their respective rank-order positions as regards 
excitability are distributed in an entirely random way. 
4 j. Gen. Physiol.,  1936-37,  20, 211, 363; 1938-39,  9.2, 311, 555. 
5Cf. J. Gen. Physiol., 1935-36,  19, 503; 1936-37,  20, 211,363,411; 1938-39,  29-, 311, 
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III 
Inspection  of  the  relationship  between In  and  F  (Fig.  1)  shows that 
log Im as a function of F fs in the main a sigrnoid curve rising to a maximum 
F  at a little above F  =  40.  At its lower end there is a comparatively small 
"swelling" on the tail of this curve.  This corresponds to the rod part of 
TABLE  I 
Log mean critical flash intensity (millilamberts) vs. flash frequency (F, per sec.); Rana 
pipiens; 21.5°C.  Preliminary values in parentheses. 
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7 
8 
9 
10 
15 
20 
25 
30 
35 
38 
39 
8.3827 
i .esst 
.8ot7 
.9867 
.9~8 
.0175 
i .318o 
.68o7 
i .4158 
i .a97 
.39e4 
i .18re 
.le44 
i .8o~e 
i .'7e62 
(i .ot4t) 
i .sBst 
i .s29o 
(i .2ot9) 
i .ss2e 
0.0948 
0.0881 
(0.2828) 
1.0274 
1 3116 
2.2825 
6.1875 
g. 1024 
6.2543 
~.8088 
~.6639 
5.1202 
g.o338 
5.2198 
g.83o6 
~.43o6 
~..54~o 
~. 7383 
4.9693 
]. 1402 
3.5935 
3,.4716 
(3.6538) 
2.3877 
5. .3683 
(2.4803) 
5.. 1544 
5..  8577 
5. .8054 
(i.1714) 
i.2403 
0.6720 
0.4886 
the  dark-adapted  flicker response  contour in  man,  Triturus,  and  various 
fishes)  It does not correspond to the small distortion at the lower end of 
the F  -  log I  curve for the gecko,  6 since it is not (as proved for the gecko) 
due to  the wider opening of the iris for intensities  below a  certain  level. 
The frog iris,  in the intact animal,  does not perceptibly alter its diameter 
6 Proc. Nat. Acad. Sc., 1938, 24, 538.  d. Gen. Physiol., 1938-39, 22, 555. 232  I~'LICKER RESPONSE  CONTOUR  FOR :FROG 
as  a  function of illumination.  It  is  moreover resistant  to  the  action  of 
instilled atropine or pilocarpine.  We have made determinations of critical 
illumination at several flash frequencies under these treatments, but found 
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FIG. 1.  Log mean critical intensity as a function of flash frequency for Rana pipiens. 
(The curves 
no divergence from the normal.  In addition the form of the curve at the 
low intensity end is not the same as in the gecko case. 
As with the data on man and  Triturus  the upper, larger portion of the 
curve is  very well  described  by a  probability integral  (Fig.  1)  while  the 
lower part cannot be directly so described in a satisfactory way.  The lower, W..]'.  CROZIER  AND  ERNST  WOLF  233 
"rod" part of the contour overlies the "cone" curve and its ordinates are 
added  thereto.  The  separation of the rising and falling branches of the 
"rod" contribution by subtraction of  the  extrapolated  probability  inte- 
gral  for the "cone"  parU is shown  in  Fig.  i.  The rising  and  declining 
part of the  "rod"  curve  as  drawn  are  each  probability  integrals.  The 
summation of these curves with that for the  "cone"  segment  accurately 
reproduces the course of the data. 
It has been pointed out  s that the decline of the contribution to the curve 
derived from "rod" excitations can perhaps be understood as due to  the 
(central) inhibition of rod effects in consequence of cone excitations.  It is 
not inconsistent with this view that the maximum F  values which have to 
be taken for the rising and the declining rod curves respectively (Fig.  I) 
are not the same; the rising branch is apparently cut off before it reaches 
its maximum level.  It is recognized, of course, that the "rod" section of the 
frog curve is so diminutive that no emphasis should be placed upon minutiae 
of its analysis. 
Unlike the curve for Triturus, I  there is no indication in Fig.  I  of more 
than two groups of elements of effect revealed in the F  -  log I  contour 
for the frog. 
Iv 
In considering the variation of critical intensities as obtained in homo- 
geneous measurements it has been found that I,, and the dispersion of I1 
are in simple, direct proportion for those cases in which only one class of 
elements or units  of sensory effect are implicated.  This  is  the  case for 
arthropods, ° even when mechanical conditions of peripheral photoreception 
bring about a  distortion of the shape of the F  -  log I  curve.  It is also 
found for the turtle  Pseudemys 1°  and for the gecko Sphaerodadylus; n  in 
these forms we have to do with only one general class of retinal elements 
(cones,  rods,  respectively).  For  vertebrates  in  general,  exhibiting  the 
typically duplex form of flicker response contour, a graph of log P.E.ln vs. 
log l~ is found to exhibit a lower band of direct proportionality breaking 
at an intermediate intensity to a band of lower slope.  2  The intensity level 
at which this break appears is that at which the putative rod effects are no 
J. Gen. Physiol., 1936-37, 20, 411; 1937-38, 9.1, 17, 203, 313; 1938-39, 22~ 463. 
8 j. Gen. Physiol.,  1938-39, 22, 463. 
9j.  Gen. Physiol.,  1935-36, 19, 503; 1936-37, 20, 363, 393; 1937-38, 21, 223, 463; 
1938-39, 22, 451, 795; 1939-40, 23,  1. 
10 j. Gen.  Physiol.,  1938-39, 22, 311. 
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longer involved.  TM  The measurements at intensities higher than this level 
can be shown  13 to follow the law of direct proportionality between Im and 
P.E.~,I,  but  with an origin different from that  for the zone of lower in- 
tensities.  That  is,  for  the  purely  cone  part  of  the  function  we  have 
(Ira +  const.)  =  k  (P.E.~I).  In a number of the cases studied the transi- 
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FIG. 2.  Relation between log I~, and log P.E.lxt in Table I.  Only for the lower part 
is the proportionality of I. and P.Ea simple and direct. 
tion  level,  below which we have simply In  =  k  P.E.lrl,  is at so high an 
intensity that only a small range of uncomplicated cone effects is available. 14 
For the newt  Triturus ~ the transition is at a  comparatively low intensity. 
With Rana it occurs at an even lower intensity.  Fig. 2 shows that below 
log I  =  3.4  (or  a  little higher)  we have log I~ and log P.E.I,,  in  direct 
12 Cf. J. Gen. Physiol.,  1937-38, 21, 203;  1938-39, 9.2, 463. 
t3 j.  Gen.  Physiol.,  1935-36,  19,  503. 
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proportion with a slope of 1.  Above this intensity a different relationship 
obtains.  Fig. 3  shows that log (Ira  q-  0.00646)  and log P.E.I,1  are recti- 
linearly related with a slope of 1.  It is scarcely to be taken as accident that 
log 0.00646  -- 3.81 is precisely at the level (Fig. 1) at which the rod effects 
fade out completely. 
One significant point to which we may again call attention in this con- 
nection  is  that  if  Im  and  P.E.I,1  are  directly proportional,  so  that  the 
relative variation of 11 is constant, we can say that P.E.~ogr ,  is constant. 
But for the uncomplicated cone portions of these flicker response contours 
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FIG. 3.  In the higher intensity range P.E.u, is directly proportional to (I, + 0.00646). 
See text. 
the relative variation of I  is obviously not constant, hence P.E. ~og,, cannot 
be constant.  This has a definite bearing upon the decision as to whether I 
or log I  is the proper variable to employ as an index of excitability.  For 
various reasons we have been led to the conclusion that while dF/dlog I 
gives, as a  function of log I, a  frequency distribution of effects produced, 
the frequency distribution of momentary thresholds is given by  -dF/dI. 1~ 
These considerations indicate that the critical intensity, not its logarithm, 
is to be used for the analytical index of excitability; on this basis, for exam- 
z5 Cf. Proc. Nat. Acad. Sc., 1937, R3, 71; 1939, 25~ 78, 171.  Y. Gen. Physiol., 1937-38, 
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ple, the behavior of the excitability as a function of temperature and of the 
light-time  cycle fraction can be consistently accounted for. 
V 
Curves of visual performance as obtained from typical vertebrates exhibit 
two distinct parts or sections.  Such animals are known to possess retinal 
rods and cones.  It is shown in several different ways that  these two seg- 
ments must be considered to possess distinctive physical characteristics. TM 
As has been emphasized,  however, this merely allows us to conclude that 
we are dealing with two distinct groups of elements of sensory effect.  We 
are not required, or even allowed, to deduce that these two groups represent 
the properties of rods and cones in any direct way.  We have for one thing 
the  demonstration  that  a  gecko" with  rod  retina  and  turtlC ° with  cone 
retina provide  (simplex)  performance curves almost identical  with respect 
to form and position on the intensity axis. 
The F  -  log I  contour for Rana  is  quite similar  to  that  for the newt 
Triturus, ~ save that in the former (as already noted) there is no indication 
of a  third  group  of elements.  The  curve  for  the  frog attains  a  slightly 
lower  maximum  F  (Rana,  40.5/sec.,  Triturus,  43.7/sec.).  The  curves-- 
at the same temperature 21.5  ° , and with 50 per cent light-time in the flash 
cycle--cross twice; at the high F  end and also near F  =  7.  The abscissa 
of inflection (log I inf.) of the cone curve is lower for Rana (log I  =  2.81) than 
for the newt (log I  =  1.72),  and 0r'lozr is higher.  The  "rod part"  is defi- 
nitely smaller  for the frog. 
By a procedure differing from ours in certain essentials Birukow  ~ obtained 
a  flicker  response  curve  for Rana  temporaria.  Under  conditions  of long 
light  adaptation  his  curve  is not duplex  and  rises  to  a  fiat  maximum  at 
F  =  6.  That  under light  adaptation  the  curve  is  depressed  from  that 
shown  in  Fig.  1  we  can  confirm.  But  we  are  also  convinced  that  with 
prolonged light adaptation the state of tonic immobility to which we have 
referred  (section  II)  makes  it  difficult  to  secure  valid  readings.  On  the 
other hand,  again  employing reactions to movement of a  striped  cylinder 
surrounding  the  animal,  Birukow obtained  data  '8 on  "visual acuity"  for 
threshold response which provide an interesting  parallel with our F  -  log I 
band in Fig. 1.  These data (1~(visual angle) vs. log I) show a slowly rising 
section  up  to  about  log  I  =  2.6,  followed by  a  steep  rise  up  to  about 
log I  =  1.0  (millilambert  units).  By  means of tests with colored stripes 
Birukow  TM was able to satisfy himself that color vision is demonstrable for 
lej.  Gen.  Physiol.,  1936-37,  9.1, 411;  1937-38,  21,  17, 313;  1938-39,  9.2, 463, 487. 
,7 Birukow, G., Z. vergleich. Physiol.,  1937, 215, 92. 
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red and blue above 0.04 lux (=  0.0036 ml., log --  3.23), with a mixture of 
effects due to photopic and scotopic vision between 0.04 lux and 30 lux 
(i.e., between log I  (ml.)  =  3.23 and 0.186).  One cannot be certain of the 
physical significance of results based on the use of colored papers.  The 
temperature is not given, so that although the level 0.04 lux is precisely in 
the "angle"  (log I  =  3.23) of our curve in Fig. 1 the exactness of the cor- 
respondence is possibly fortuitous. 
The proportion of rods to cones is approximately 2.5:1 in the thickened  19 
(? pseudofoveal) region of the frog retina, in more peripheral regions ca. 
3.5: 1.17  Nevertheless the rod contributions to the F  -  log I  curve (Fig. 1) 
are the smallest, absolutely, thus far recognized with any vertebrate exhibit- 
ing visual duplexity.*  In a  similar way the dark adaptation  contour for 
the frog's eye (as  determined from the progressing increase of electrical 
response) shows  ~° a proportionately much enlarged "cone" segment by com- 
parison with that for man (rods: cones =  about 25: 1).  It is to be remem- 
bered, however, that  in  the present experiments a  light/dark  ratio  of  1 
was used, and that the rod and cone contributions may behave differently 
as a  function of changes in this ratio, as found for Enneacanthus31  This 
alone would introduce complications in any attempt to correlate numbers 
of retinal elements with the response to flicker.  In  Fundulus,  where  the 
rod:cone  ratio  is ca. 2: 1,  ~ we find the "rod" part of the flicker response 
contour to be three times as great as in the frog. 
SUMMARY 
The flicker response contour for the frog Rana pipiens exhibits the duplex 
character typical for most vertebrates.  By comparison (under the same 
conditions of temperature, 21.5 °, and light-time fraction,  --  0.5),  the low 
intensity section of the F  -  log I  curve is the smallest thus far found. 
The cone portion of the curve is satisfactorily described by a probability 
integral.  The rod part represents the addition of a small group of sensory 
effects upon the lower end of the cone curve, from which it can be analyti- 
cally separated. 
The relation between the two groups of sensory effects permits certain 
tests of the rule according to which (in homogeneous data) Im and a1,1 are 
in direct proportion. 
19 Chievitz, J. H., Arch. Anat. u. Physiol., Anat. Abt., 1891, 311. 
~0 Riggs, L. A., Y. Cell. and Comp. Physiol., 1937, 9, 491. 
21 y. Gen. Physiol., 1937-38, 21, 313. 
~ Butcher, E. O., 1938, Y. Exp. Zool., 79, 275. 